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^ ■ Abstract 

, We propose a new framework for constructing supersymmetric the- 

. ories of flavor, in which flavor symmetry breaking is triggered by the 

fH , dynamical breakdown of super symmetry at low energies. All mass 

scales in our scheme are generated from the supersymmetry breaking 
scale AssB ~ 10'' GeV through radiative corrections. We assume a 
. spontaneously broken flavor symmetry and the Froggatt-Nielsen mech- 

anism for generating the fermion Yukawa couplings. Supersymmetry 
^ ■ breaking radiatively induces a vacuum expectation value for a scalar 

■ field, which generates invariant masses for the Proggatt-Nielsen fields 

at Mp ~ 10^ GeV. 'Flavon' fields (p, which spontaneously break the 
flavor symmetry, naturally acquire negative squared masses due to 
two-loop diagrams involving the Froggatt-Nielsen flelds, and acquire 
vacuum expectation values of order {ip) ~ Mp/lGn'^. The fermion 
mass hierarchy arises in our framework as a power series in the ratio 
{ip)/MF ~ 1/I67r2. 
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1 Introduction 



Two outstanding problems of particle physics both involve the origin of sym- 
metry breaking. How does the electroweak gauge symmetry break, allowing 
the W and Z bosons to acquire mass? And secondly, what breaks the fla- 
vor symmetry of the standard model gauge interactions, allowing the quark 
and leptons to also become massive? The mechanisms for these symmetry 
breakings must involve new particles and interactions. Furthermore, this new 
physics must involve new mass scales: the physics of electroweak symmetry 
breaking (EWSB) must provide an origin for the weak scale, Mz, and the 
physics of flavor symmetry breaking (FSB) must involve a mass scale, Mp. 

In the standard model, the interactions of the Higgs doublet, H, generate 
both EWSB and FSB. Although the Higgs sector is extremely it provides no 
understanding for the small size of the weak scale, {H)/Mpi, nor for the small 
size of FSB, mq^i/Mz- Indeed, the Yukawa couplings of the standard model 
are arbitrary, explicit, FSB parameters. An understanding of fermion masses 
would result if these small dimensionless parameters were given in terms of a 
small ratio {(p)/Mp where {(f) is the vacuum expectation value (vev) of 
a flavon field which spontaneously breaks a fiavor group Gf. However, such 
a scheme involves three mass scales: (H), and Mp. 

In theories with weak scale supersymmetry, the weak scale, (H) , is deter- 
mined to be comparable to the superpartner masses, m, which are derived 
from two other scales: the primordial supersymmetry breaking scale Assb 
and the messenger scale Mmess- Specific models show that it is possible to 
generate supersymmetry breaking, and therefore A55B, by dimensional trans- 
mutation from non-perturbative dynamics The messenger scale describes 
the softness of the superpartner masses, m, which rapidly vanish at scales 

above Mmess- 

Hence in supersymmetric theories there are generally four mass scales: 
two to describe supersymmetry breaking Kssb and Mmess, which lead to 
EWSB, and two to describe fiavor physics and FSB, Mp and In su- 
pergravity theories, supersymmetry breaking is transmitted to superpart- 
ners via supergravitational interactions, so that Mmess = Mpi and Assb is 
determined to be 10^^ GeV. If Assb < 10^^ GeV, sufficient supersymme- 
try breaking can be transmitted to the superpartners by gauge interactions. 
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and it is this case which we study in this paper 0, 0. In these theories 
Mmess ~ l/(16vr^)As5B Can arise in perturbation theory 0. The messen- 
ger sector contains a set of vector- hke generations, X and X, which ac- 
quire both supersymmetry preserving and supersymmetry breaking masses: 
Mmess[^X]F + Mmess[^-^]A- On integrating these heavy vector generations 
out of the theory, the standard model gauge interactions transmit the su- 
persymmetry breaking to the superpartners, giving m ^ [l/lGir'^yAssB- 
Furthermore, renormahzation group scahngs induced by the large top quark 
Yukawa coupling. At, induce a negative shift in the Higgs mass squared: 
Amjj/mjj ^ — 3/47r^ ln(Mmess/300 GeV)(m?/m|^). Since mi/rriH ~ «3/a2, 
this triggers EWSB. Thus Mmess and {H) are understood as arising from 
^SSB by a successive cascade of perturbative loop factors: 

ASSB Mmess ^ rh, (H) (1.1) 

In this paper we study whether the scales of FSB can be similarly derived 
from As SB by a succession of perturbative loops: 

AssB ^Mf^ {^) (1.2) 

The most successful scheme for generating fermion mass hierarchies from 
flavor symmetry breaking vevs, (if) , involves the mixing of heavy vector-like 
generations, F and F, with the light generations, /: [MpFF + F(ff]p. The 
flavor symmetry group, Gf, prevents direct Yukawa couplings for the light 
quarks and leptons [ffH]F, but these are generated from f-F mixing from 
the allowed couplings [FfH + FFH]p. It is intriguing that the cascade 
of ( p. . 1|) for EWSB and (|1.2|) for FSB both require vector-like generations 
at the intermediate stage. We will argue, however, that F and X cannot 
be identical. In particular, only X has a large supersymmetry breaking 
mass, [XX] ^, and only F has direct Yukawa couplings with ordinary matter 
[F(ff]F. These distinctions, which arise because F transforms non-trivially 
under Gf while X is trivial, result in an important difference between the 
last cascade of (|1.1|) and ( |L2D . In the case (|1.1|) , the last cascade is induced 



by standard model gauge interactions, and leads to positive squared masses 
for the scalar superpartners. On the other hand, the last cascade of (|1.2| ) 
is induced by the Yukawa couphngs [Fipf]F and produces negative squared 
masses for (p, triggering FSB. In our scheme, both mass scales of the EWSB 
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Figure 1: Schematic structure of the model. The wavy hues indicate ra- 
diative corrections due to gauge interactions, while the dashed lines due to 
superpotential interactions. 



sector, Mmess and {H) , and both mass scales of the FSB sector, Mp and (v?) , 
are generated via perturbative loops from the single dynamical scale h^ssBi 
as illustrated in Figure 1. We will see later that {ip)/Mp ^ c/(167r^), where c 
represents a product of several coupling constants, so that c may easily vary 
between 1/10 and 10. This is sufficient for constructing viable models of the 
fermion Yukawa matrices, like those in Refs. @, ^. 

It is well known that theories of weak scale supersymmetry also need mass 
terms which couple the two Higgs doublets: ji[HuHd\F and m\[HuHci\A- In 
supergravity theories, /i plausibly arises from higher order D terms, giving 
/i = A'gg^/Mpi, and a non-zero /i leads automatically to a non zero mg. With 
gauge mediated supersymmetry breaking, Assb is too small to allow such an 
origin for /x: the origin of fi and mg is problematic. Our scheme allows a 
simple origin for both fi and m|, as we will see in Section 3. 
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The main accomplishment of this paper is the generation of flavor mass 
scales Mp and in a way which is analogous, but not identical, to the 
generation of Mmess and {H). In Section 2 we survey the possible origins for 
fermion mass hierarchies in supersymmetric theories, and find that several 
alternative options are not very promising. In Section 3 we give the structure 
of the messenger sector at Mmess and of the flavor sector at Mp. We discuss 
the differences between these sectors, showing that they cannot be identical. 
Keeping the group structure for Gf general, we show explicitly how radiative 
corrections trigger the FSB vev {ip) . We also study the EWSB sector in this 
framework. 

The flavor physics scales of our framework are sufficiently low, of order 
10 TeV for Mp and 100s of GeV for to be both dangerous and inter- 
esting from the viewpoint of flavor changing and CP violating processes. In 
Section 4 we study amplitudes for these processes induced by integrating out 
the heavy vector generations, F, and the flavon fields, (p. These rare pro- 
cesses provide constraints on our framework which are very different from 
the constraints they impose on supergravity theories [Q. Hence the model 
building choices for the group Gf, and for the representations of y?, F and /, 
are governed by constraints which are summarized in the conclusions, and 
which differ greatly from the supergravity case. 

2 Fermion Mass Hierarchy in Supersymmet- 
ric Models 

The hierarchy in fermion Yukawa couplings is one of the major puzzles in the 
standard model. The only known fermion with a Yukawa coupling of order 
one is the top quark, while all other fermions have Yukawa couplings that 
are significantly smaller^. The existence of small parameters in the standard 
model Lagrangian is natural in the sense of 't Hooft: When all the Yukawa 
couplings are set to zero, the standard model is invariant under a global 
U(3)^ flavor symmetry. Thus, the symmetry of the theory is enhanced as 
the Yukawa couplings are reduced. While this explains why small Yukawa 

^If tan/3 is large, the bottom quark and tau lepton may also have 0(1) Yukawa 
couplings. 



4 



couplings are technically natural, it sheds no light on how such small param- 
eters arise. Thus, we would like to understand how a low-energy effective 
theory containing small Yukawa couplings can arise when the corresponding 
high-energy theory involves no small parameters at all. 

One way of framing this problem is to assume that the Yukawa couplings 
of the light fermions are forbidden at high energies by a flavor symmetry 
Gf, which is a subgroup of U(3)^. The top quark Yukawa coupling may 
be invariant under the flavor symmetry. Then, the problem at hand is to 
understand why G/ is broken only by a small amount. Since the flavor scale 
is generally much larger than the weak scale, it is natural to work in the 
supersymmetric context. Then the hierarchy between the weak scale, the 
flavor scale, and any other high scales in the problem will be stable against 
radiative corrections. 

Supersymmetry, however, makes the task of generating small couplings 
a challenging one. If small Yukawa couplings are not present in the original 
superpotential, then the supersymmetric nonrenormalization theorem tells 
us that such couplings will never be generated at any order in perturba- 
tion theory. Therefore, the mechanism of flavor symmetry breaking must 
be linked either to supersymmetric nonperturbative effects, or to supersym- 
metry breaking. Three popular schemes have been proposed for generating 
small Yukawa couplings in supersymmetric models: string compactiflcation, 
radiative generation, and the Froggatt-Nielsen mechanism. Let us review 
these possibilities and consider the limitations of each: 

/. String Compactiflcation. It is possible that the small Yukawa couplings 
are simply present as a boundary condition due to physics at the string scale. 
All coupling constants in string theory are supposed to be proportional to a 
single string coupling constant, which is of the same order as the gauge cou- 
pling constants, i.e., 0{1). However, couplings in the superpotential depend 
on the compactiflcation. In orbifold models, if chiral flelds belong to twisted 
sectors with different flxed points, their superpotential couplings are sup- 
pressed by e^^^ in the limit where the size of the compactifled manifold R is 
large @]. In this case, small numbers arise as a result of the compactiflcation. 
It has been pointed out that the radius R does not need to be much larger 
than the string scale . One possible problem with this scenario is that dif- 
ferent generations have different modular weights, and the scalar masses are 
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therefore non-universal. This may lead to dangerous flavor-changing neutral 



current effects [10 



//. Radiative Generation. If small Yukawa couplings are not already 
present at the string scale, one may try to generate them through radia- 
tive corrections that involve the soft supersymmetry-breaking operators. In 
scenarios of this type, the flavor symmetry G/ is broken by the nonvanishing 
entries of the scalar mass matrices, while the fermion Yukawa matrices re- 
tain their flavor-symmetric form at tree-level. This can be a consequence of 
the spontaneous breakdown of the flavor group. Yukawa couplings are then 
generated at the higher loop level when the superpartners are integrated 
out. The limitation of this approach is that it is very difficult to generate 
small Yukawa couplings for both the first and second generation fermions, as- 
suming the minimal particle content of the supersymmetric standard model 



[|ri|, |T2[- While the small first-generation Yukawa couplings may be under- 
stood as radiative effects, those of the second generation must be generated 
by a separate mechanism. In addition, the models that have been proposed 
require a special mechanism to ensure separate muon number conservation 
in the lepton sector to evade the tight constraints from fi — > cj. 

III. Froggatt-Nielsen Mechanism. The Froggatt-Nielsen mechanism |]1| is 
perhaps the most popular mechanism for generating small Yukawa couplings. 
Fields of the first and second generations have no direct Yukawa couplings 
to the Higgs bosons, as a consequence of a flavor symmetry. On the other 
hand, heavy vector-like fields couple to the Higgs fields with 0(1) strength. 
When the flavor symmetry breaks spontaneously, a small mixing is induced 
between the light generations and the vector-like fields, as described in the 
Introduction. When the vector-like fields are integrated out, small Yukawa 
couplings are generated in the low-energy effective theory, having the form 



ffH . (2.1) 



The smallness of the light fermion Yukawa couplings is a consequence of a 
hierarchy between two scales {ip)/MF, where Mp is the mass scale of heavy 
vector-like fields, and is the vacuum expectation value of a flavon field 
that spontaneosly breaks Gf. This is the mechanism of generating small 
Yukawa couplings that we will adopt in this paper. 
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There are two important questions associated with supersymmetric mod- 
els that involve the Froggatt-Nielsen mechanism. First, one may worry that 
the scalar mass matrices may not be sufficiently degenerate to suppress flavor- 
changing processes, since the three generations couple differently to the heavy 
states. However, the flavor symmetry restricts the form of both the Yukawa 
and scalar mass matrices, and this can be sufficient to prevent any flavor- 
changing problems. The flavor symmetry can either enforce a sufficient de- 
generacy among the scalar states, or align the Yukawa and scalar mass ma- 
trices so that flavor changing neutral current processes are adequately sup- 
pressed [0, [1^ . In many models based on the Froggatt-Nielsen mechanism, 
one typically needs {(f) /Mp < 0.01-0.05; powers of this ratio appear in the 
operators that generate the light fermion Yukawa couplings. Thus, we are 
lead to the second question, which is more fundamental: from where does 
the hierarchy {(f) /Mp <^ 1 originate? This is the main issue of the paper. 

Nonrenormalization theorems tell us that it is impossible to generate the 
{(p)/Mp hierarchy perturbatively in models with unbroken supersymmetry, 
unless the scales are put into the superpotential by hand. This is exactly 
what we would like to avoid. Therefore, the only logical possibilities are 
that the origin of scales is either triggered by (a) non-perturbative effects 
or by (6) supersymmetry breaking (or both). Let us consider each of these 
possibilities: 

(a) Nonperturhative effects. One can imagine that the Froggatt-Nielsen 
mass scale Mp and the scale {(p) are generated by separate gauge groups 
that each become strong at scales much lower than the Planck scale. The 
scale parameter of each gauge group is given by Aj = M*e~®''^*o/9?^ where gi 
are the gauge couphng constants at = Mpi/^/Sn and fog are their beta 
function coefficients. When the model is incorporated into supergravity, a 
condensation due to strong gauge dynamics is likely to break supersymmetry. 
Even when the strongly interacting groups do not couple directly to the fields 
in the MSSM, their scales have to be smaller than Aj < (mwM^)^^^ ~ 
10^^ GeV. Thus, a small ratio in scales, A1/A2 ~ 0.01-0.05 requires a special 
arrangement in the particle content and a mild fine-tuning in the initial gauge 
couplings of both gauge groups. The tuning becomes more and more severe 
as one considers lower scales for the Aj. 

{b) Supersymmetry breaking. The other possibility is to use soft supersym- 
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metry breaking parameters to generate the scales (y?) and Mp. We discuss 
two cases separately. The first possibility is that supersymmetry breaking 
occurs in the hidden sector, and all soft supersymmetry breaking terms are 
generated at the Planck scale, at the same order of magnitude. The other 
possibility is that supersymmetry breaking occurs at low energy ~ 10"^ GeV, 
and is transmitted to the MSSM fields via renormalizable interactions. 

The hidden sector case suffers from naturalness problems similar to those 
that we encountered earlier. The basic difficulty is that there is only one 
scale in the problem from which we would like to generate two scales. If all 
mass scales are generated by supersymmetry breaking with a generic super- 
potential, they will all be of order the weak scale, with no hierarchy among 
them. Therefore, one needs to rely on fiat directions of the superpotential 
to generate scales much higher than the weak scale. One may try to be 
economical by identifying Mp with (or Mstring) and then hope to gen- 
erate {if) ~ lO^^M^,. A difficulty with this idea is that one needs to forbid 
higher dimension operators in the superpotential of the form (/^"'"'"^/M", up 
to > 7 in order that {^p) not be pushed down to lower scales. If the 
flavor symmetry is Z^r, then one needs a relatively large N > 10. If the 
flavor symmetry is continuous, it needs to be gauged or it will be violated 
by Planck scale effects. If it is a gauged U(l) symmetry, we always require 
fields with positive and negative charges to cancel the anomaly. As a result, 
it is likely that there will be higher dimension operators allowed by the gauge 
symmetry that reduce {(f). This statement trivially extends to non-Abelian 
gauge symmetries as well. Therefore, a gauged flavor symmetry had better 
be anomalous, with the anomaly cancelled by the Green-Schwarz mecha- 
nism. This possibility has been studied by many authors, who have focused 
on obtaining the correct sin^ 6*^1/ =3/8 from the anomaly cancellation condi- 



tion |[T^. In general, however, this scenario leads to non-degenerate scalar 
masses because the U(l) charge assignments are generation-dependent. 



If there is quark- squark alignment |]T6l, then scalar nondegeneracy may not 
lead to dangerous flavor changing effects. However, we are not aware of any 
models in which alignment is achieved using the same U(l) whose anoma- 
lies are cancelled by the Green-Schwartz mechanism. It remains to be seen 
whether a model of this type can be constructed. 

The obvious way to avoid the problems with higher dimension operators is 
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to lower the scales of Mp and (ip). The potential along a flat direction is given 
by m'^{ip)\ip\'^ where m^{ip) is the effective super symmetry breaking squared 
mass which satisfles the renormalization group equation. The minimum of 
the potential is generated around the scale where irP'{ip) crosses zero. In this 
way, one can easily obtain the invariant mass Mp of the vector-like Froggatt- 
Nielsen fields such that Mp <^ Mp;; then higher dimension operators become 
completely irrelevant. Once the scale Mp is generated, the vector-like fields 
decouple from the renormalization group equation of the flavon mass squared. 
Therefore the running of the flavon mass squared is slowed, and it crosses 
zero at a much lower scale, which is likely to be much less than one hundreth 
of Mp. To obtain {(p)/Mp ~ 0.01 requires the model to be very carefully 
arranged. 

Models with low-energy supersymmetry breaking do not suffer from the 
difficulties discussed above. While supersymmetry breaking in the hidden 
sector presented us with only one scale from which we needed to gener- 
ate two, low-energy supersymmetry breaking mediated by renormalizable 
interactions tends to produce a multitude of scales. Since supersymmetry 
breaking is mediated to the MSSM fields, or to any other fields in the the- 
ory, via renormalizable interactions, the effects are not always transmitted 
at the same order in perturbation theory. Thus, it is natural to obtain many 
different mass scales separated from each other by powers of l/(167r^). 

This observation suggests an intriguing scenario: Supersymmetry is bro- 
ken at a scale A.ssb ~ 10^ GeV. This scale is determined by dimensional 
transmutation, and is not directly input into the theory. Supersymmetry 
breaking is mediated via renormalizable interactions to all other fields in the 
theory. This occurs at varying order in perturbation theory, producing a 
hierarchy of scales, of the form (l/167r^)"A|_5g. Thus, the small flavor sym- 
metry breaking parameters described earlier are identifled with the ratio of 
some of these scales. Notice that the range of {if) /Mp that is required by the 
Froggatt-Nielsen mechanism, ~ 0.01-0.05 corresponds to a loop factor (l/47r 
or l/lGvr^) times an order one coefficient. In this framework, all coupling con- 
stants in the superpotential can be 0(1), and all mass scales generated from 
a single scale, the scale at which supersymmetry is broken. 

In the rest of the paper we show how our framework may be implemented. 
We focus on the generic structure of our framework and demonstrate that 
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it is phenomenologically viable. We do not go into a detailed discussion of 
particular flavor symmetries. Our framework is compatible with a variety of 
explicit flavor models that are described in the literature, including U{1)^ 
[0, i, A(75) 0, and (S,)' mB^- 

3 Framework 

The overall structure of our model is summarized schematically in Figure 1. 
Supersymmetry is broken at the scale and communicated to both the 

gauge-mediation (GM) and flavor sectors via two-loop diagrams. We assume 
that different U(l) gauge interactions act as the messengers of supersymme- 
try breaking to each of these sectors. Thus, the GM and flavor mass scales are 
given by Aqm ~ fi'^As-ss/lSTr^ and Ajiav ^ Sf^A^sB/lSTr^ where g'^ and gm 
are the messenger U(l) gauge couplings^. The ordinary superparticles / and 
the flavor symmetry breaking fields (f communicate with the supersymme- 
try breaking sector through four-loop diagrams, and develop masses of order 
g'^Asss/i^G'^^y and g^AssB/i^Q'^^Y, respectively. The ordinary Higgs field 
H develop masses comparable to those of / for the choice g'^ > gm that we 
assume below. 

3.1 Constraints on the Flavor Sector 

The requirement that we generate TeV scale masses for the ordinary su- 
perparticles fixes Agm at approximately 100 TeV. This is consistent with a 
supersymmetry breaking scale Assb ~ 10, 000 TeV. On the other hand, we 
choose the flavor scale to be somewhat lower, Aflav ~ 10 TeV, so that we 
do not generate negative squared masses for the Higgs fields that are too 
large (see Section 3.5). In addition, this choice reduces flavor changing neu- 
tral current effects that originate from the supersymmetry-breaking masses 
of the Froggatt-Nielsen (FN) fields (see Section 3.7). The difference between 
the GM and flavor scales can be obtained by choosing the messenger U(l) 
gauge couplings such that gm/g'„i ~ V^, which does not constitute a sig- 

^Kqm and h^flav also depend on couplings in the supersymmetry breaking sector which 
we have omitted for simplicity. 
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nificant fine-tuning^. With the flavor scale at 10 TeV, the flavon flelds ip 
develop masses of order a few hundred GeV. We will show in Section 4 that 
the possibihty of flavon flelds with masses in the few hundred GeV range is 
not excluded by the current phenomenological constraints. 

In order to generate the flavor scale in the way suggested above, we must 
flrst address some immediate phenomenological difficulties. Let us assume 
that there is a field a whose vacuum expectation value (vev) generates the 
mass of the FN fields. Consider the superpotential couplings 

W = aaFF + pFiff , (3.1) 

where F and F are FN fields, 93 is a fiavon, and / is an ordinary matter field. 
The first term determines the FN mass scale Mp = a{a), while the second 
term generates the desired mixing between the ordinary fields and the heavy 
FN fields beneath the fiavor-symmetry-breaking scale. Since we assume that 
the vev of a is a consequence of supersymmetry breaking, we expect that the 
auxiliary component of a will also be nonvanishing, and in general, 

{Fa) ^ {af . (3.2) 

Now consider the scalar mass squared matrix for the ordinary and the FN 
fields. If a has a nonvanishing F component, then there will be a scalar 
B-teim of the form FF of order a{Fa) ~ Mp. From Eq. ( |3.1| ), the scalar 
mass squared matrix is then given by 



/ Ml a (Fa) \ 

[ (3Mp{ip) P'icpf I 



(3.3) 



in the basis (F*, F, /). In the case where {Fa) = 0, the matrix (|3.3|) has one 
zero eigenvalue (corresponding to the physical squarks or sleptons), and two 

§While we have introduced two messenger U(l) gauge groups to obtain different ffavor 
and GM mass scaies, ttie gauge structure of our model has an additional benefit. If there 
were only one U(l) gauge interaction coupling to the two otherwise disconnected sectors 
of the model, we would be left with an extra Nambu-Goldstone boson after symmetry 
breakdown. While it is not clear whether such a massless scalar boson would do any 
harm phenomenologically, we have chosen to avoid this situation completely: the Nambu- 
Goldstone boson is absorbed by the additional U(l) gauge field. 
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eigenvalues of order Mp. When Fa is nonvanishing, the zero eigenvalue is 
shifted to 

-/3^(^)'(i^a)VM| . (3.4) 

The fact that the lightest eigenvalue is negative is not a problem by itself, 
since there are larger positive contributions to the squared masses from the 
gauge-mediation diagrams in the gauge mediation sector of the model, as we 
will see later. However, the contribution in Eq. ( fj.4| ) is flavor dependent, and 
can lead to large flavor changing neutral current effects. The simplest way 
of avoiding these difficulties is to construct models in which Fa is naturally 
much smaller that (a)^, so that the effect of Eq. (|3.4|) is phenomenologically 
irrelevant]^. 

Thus, we choose to build a model in which the messenger sector for gen- 
erating the FN mass scale has some mechanism of protecting the a field from 
acquiring an F component, at least at tree level. The situation is quite dif- 
ferent in the gauge mediation sector, where the field analogous to a must 
acquire both scalar and F-component vevs to produce the correct nonsuper- 
symmetric spectrum of vector-like states . Thus, in addition to a differing 
sequence of mass scales, the two branches of Figure 1 are distinguished by 
the properties of the field that couples to the vector-like multiplets; thus, the 
GM and flavor sectors cannot be identified. We will see this explicitly in the 
model that we present below. 



3.2 The Supersymmetry Breaking Sector 

We assume that supersymmetry is broken in a sector of the model that is 
nearly isolated from all other sectors. The only communication between fields 



^If the squarks have masses around 1 TeV, then flavor-changing neutral current (FCNC) 



effects in the quark sector due to Eq. (3.4) may not necessarily be fatal. For example, 
in an explicit model of flavor with {(f) /Mp ~ 1 x 10"^, the (1,2) elements of the squark 
mass squared matrices will be of the order 771^2/"^^ ~ 0.01, assuming that Fa « (a)^ = 
(10 TeV)^. This is in borderline agreement with the current experimental bounds. The 
real problem arises is the lepton sector, where the right-handed sleptons are a factor of 7 
lighter than the squarks. Lepton flavor violation will be present at an unacceptable level 
unless a separate FN sector is constructed for the leptons that preserves electron or muon 
number. The solution presented in the text does not place additional restrictions on the 
flavor structure of the model. 
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in the super symmetry breaking sector and the remaining fields in the theory 
is through the two messenger U(l) gauge interactions. Fields C,± that carry 
either of the messenger charges can communicate with the supersymmetry 
breaking sector through two-loop diagrams. When supersymmetry is broken, 
the ^± fields can acquire supersymmetry breaking masses. In some models of 
dynamical supersymmetry breaking, like the SU(6)xU(l) model discussed 
in Refs. 20 1, it is known that the ^ fields can acquire negative squared 
masses after supersymmetry is broken. Although our framework involves 
two messenger U(l) gauge groups, we assume that the same is possible here. 
We view this as a mild restriction on the types of model that can serve as an 
adequate supersymmetry breaking sector. Note that there are many models 
of dynamical supersymmetry breaking that contain two nonanomalous U(l) 
factors that can be gauged. Examples include the SU(9) model with an 
anti-symmetric tensor and five anti- fundamentals 0, and the SU(2) model 
with four doublets and six singlets Both of these models possess large 
global symmetries (SP(4) or SU(4)) that contain a nonanomalous U(l)xU(l) 
subgroup []. It is reasonable to assume that in some of these models, there 
are regions of parameter space in which it is possible to generate negative 
squared masses for fields carrying either of the messenger U(l) charges. This 
point will be assumed in the next two subsections. 



3.3 Gauge Mediation Sector 

We first consider the sector of the theory that generates the gauge mediation 
mass scale, following the work of Dine, Nelson, Nir and Shirman [^. The 
superpotential for this sector is given by 

W = -h[e+CS[ + ^S[' + a[S[XX (3.5) 

where X and X are vector-like fields that carry standard model quantum 
numbers, and S[ is a gauge singlet. The ^' fields are charged under the mes- 
senger U(l) gauge group that connects the superpotential above to the su- 
persymmetry breaking sector of the theory. To prevent the fields in Eq. (|3.5| ) 

"in addition, Fayet-IUiopoulos Z?-ternis are not generated in these models because of 
unbroken discrete symmetries 
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from coupling to fields in the flavor sector, we will impose a Z3 "sector sym- 
metry" under which all the GM sector fields transform by the phase e^*'^/'^.^^] 
Then ( |3.5|) includes the most general renormalizable interactions consistent 
with the symmetries of the theory. The two-loop diagrams described in Sec- 



tion ^]2| contribute to the and masses after supersymmetry is broken. 
Thus, in addition to the superpotential given above, we assume there are soft 
supersymmetry-breaking masses 

T/ = -m"|e;i'-m''|^^|2 . (3.6) 

With AssB ~ 10,000 TeV, we expect the ^'^ masses m' to be of order 
{a'^/An)AssB ~ 100 TeV, where ^/Aira = g'^ is the relevant messenger U(l) 
gauge coupling. The negative squared masses for the generate nonvan- 
ishing vevs for both the scalar and F components of S[, of order m' and 
m'^ respectively. This leads to a nonsupersymmetric spectrum for the fields 
X and X, which can communicate with the ordinary fields / via standard 
model gauge interactions. 

If the X and X form a 5 and 5 of SU(5), then the ordinary gaugino and 
squark masses are given by p 

(37) 

where the gi are standard model gauge couplings, and the Casimir Cf is 
3/4 for SU(2) doublets, 4/3 for SU(3) triplets, and (3/5)y2 for fields with 
ordinary hypercharge Y. For our choice Aqm = {Fs[) / {S'l) = 100 TeV, we 
obtain the the squark and slepton masses (at 100 TeV), 

q u d I e 




1140 1100 1100 350 150 

and the gaugino masses (at 1 TeV) 

B W g 
130 270 930 ' 



* Without this symmetry, the singlet S[ above could also couple to the FN fields. Then 



we would not be able to avoid the phenomenological disasters described in Section 3.1 
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in GeV. Notice that gauge-mediation renders the squarks and gluinos heavi- 
est, with masses around 1 TeV. 

It is important to point out that there are a number of problems with 
the messenger superpotential in Eq. ( |3.5| ), that have not been discussed in 
the literature. First, the couphng h'^ must be taken to be smaller than g'^ so 
that the D-term vanishes at the minimum of the above potential. Second, 
the coupling h'^ must be also smaller than A'^ so that the desired vacuum 
with {S) 7^ is a local minimum. This is in disagreement with the claim 
made in Ref. [^. The region a'iX'i/{\'i + a'l) < h'^ < X'^ is also problematic, 
because a'^(F5/) will be larger than {a'^{S[)Y, and the scalar mass squared 
matrix for the X and X fields will have a negative eigenvalue. This would 
imply that the standard model gauge group is broken at the 100 TeV scale. 
Therefore, we need h'^ < a'^\'i/{\'i + a'^. Even in this region, there is still 
a global minimum of the potential where the standard model gauge group 
is broken. To see this, notice that in the supersymmetric limit there is a 
flat direction in which 5^ = 0, = X = X, and = a[XX. 

Along this direction, the potential becomes increasingly negative until the 
negative mass squared for the ^' fields —m'^ disappears beyond ~ Assb- 
For larger values of C,', the potential becomes flat with V ~ — m'^Al^^, which 
is much lower than the local minimum, where V ~ — m'^. In order to avoid 
this problem, it seems that the gauge mediation sector must be modified. 
One obvious solution is to introduce an another singlet field S2 with the the 
additional superpotential couplings 

AW = -Ke+CS2 + Y^'i + a',S',XX + iS[, S', couplings). (3.9) 

Unless h'2/a'2 = h[/a[, there is no longer a fiat direction. The desired vacuum 
can be a global minimum in a certain range of parameters as discussed above. 
The precise conditions on the parameters are complicated and not worth 
presenting here. It should be stressed that the details of the gauge mediation 
sector are irrelevant to the flavor sector presented in the next subsection. 
Thus, any workable alternative to Eq. ( p.5|) can be adopted without altering 
the conclusions of this paper. 
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3.4 The Flavor Sector 



As we described in Section the field that determines the FN mass scale, 
a, must have no F-component at tree level. If a self-coupling term Xa^ were 
present in the superpotential, then we would expect the a field to acquire 
an F component Fa = 3Aa^ 7^ when a acquires a vev. Therefore, we will 
begin by imposing a Z2 symmetry under which the a field is odd. In the 
superpotential that we present below, this will be sufficient to prevent Fa 
from acquiring a vev at lowest order in perturbation theory. 

Since we would like to generate (a) from supersymmetry breaking, the 
field a must couple, at least indirectly, to fields that are charged under the 
messenger U(l). The simplest renormalizable superpotential that generates 
a vev for a is 

W = /iie+e-^i - giSia' + yS? , (3.10) 

where the ^± and 5*1 fields are even under the Z2, and we allow no dimen- 
sionful couplings. As before, we assume that the ^ fields develop negative 
squared masses when supersymmetry is broken, 

V = -m^l^+l^ -m2|^_|2 . (3.11) 

where m is of order {am/ 4:7!') Ass b ~ 10 TeV. Thus, the ^± fields acquire 
vevs (^_|_) = (^_) = (^) which are of order m. Given these vevs, the 5*1 field 
develops a mass hi{C,). As long as \i < hi, Si remains at the origin, while 
-^51 = 7^ 0- Since Fs^ 7^ 0, the scalar (a, a*) mass squared matrix 

develops a negative eigenvalue, and a then obtains a vev. However, 5*1 does 
not have a vev in this parameter range, so Fa exactly vanishes, as desired. 

Unfortunately, this simple superpotential has the same problem that we 
encountered with the first superpotential presented in Section p73| : there is a 
flat direction where = gio^- As a consequence of the negative squared 

masses of the ^± fields, the potential has a running-away behavior along the 
flat direction, and thus we expect that (^) will be at least of order Assb- To 
eliminate the unwanted fiat direction, we introduce a new field, 5*2, with the 
following superpotential interactions: 

AW = h2^+^-S2 - 92820" + ^Sl + (Si, S2 couplings) . (3.12) 
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Again, all the fields above are even under the Z2 symmetry, except for a. The 
coupling aaFF generates the desired masses of the FN fields, without the 
bilinear supersymmetry breaking mass terms. Notice that the superpotential 
in the flavor sector is actually identical to the one in the gauge mediation 
sector providing we make the identification XX ^ a?. The only difference 
between these sectors is the allowed range of the superpotential couplings. 
In the flavor sector we take the A, to be smaller than the hi, so that 5*1 and 
5*2 will not develop vevs. In the gauge-mediation sector, we take the \[ to be 
larger than the h'^ so that S[ and S2 fields do acquire vevs, while X and X 
do not. 

To study the scalar potential of the theory, it is convenient to work with 
the redefined superpotential couplings 

^^X' + hx^V + hxri^ + ^rf , (3.13) 

where x ^i-nd r] are linear combinations of Si and 82- h, g and ki {i = 1, 2, 3, 4) 
are coupling constants of the redefined fields. Using suitable phase rotations 
of fields, we can take h, g and A real and positive without a loss of generality. 
The scalar potential of the theory is given by 

V = H+^- + hx^ + 2k2XV + hv^\^ + \^+ihx + 9V)\^+\^-ihx + 9V)\^ 
+ |^^+^_ - Aa^ + k2X^ + 2k3XV + + \'2Xar]\'^ 

+f (le+r-ie-rr-m^ie+r-m^ie-r • (3.14) 

For simplicity, we assume gm > h. Then the potential is minimized when the 
messenger U(l) D-term contribution to the potential is minimized: {^^) = 
(^-)-EI some region of parameter space, the rest of the potential is mini- 
mized when (77) = {x) = 0, and 

(a) = — A/^m and {^±) = t^ ■ (3.15) 
n\ A h 

It is straightforward to check that the F components of a, S,- and 77 
vanish at this minimum; x develops an F component F-^ = m? /h. Of course, 
there are corrections to these results that are suppressed by loop factors. 

gm < h, the potential prefers (^+) ^ (^_) and develops a different minimum. 
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For example, we expect supersymmetry breaking to generate soft trilinear 
terms in addition to the squared masses of the ^± fields. Since these terms 
appear at the same order in the loop expansion as the C,± masses, they will 
have coefficients A ^ Asss/i^Q'^'^y, which implies that A/m ^ 1/(167?^). In 
this case, we find that a nonvanishing F component of a is indeed generated. 
However, it is more than adequately suppressed: (Fa) ~ (a)^/(167r^). 

Given these vevs, we can now study the effects of supersymmetry breaking 
on the scalar and fermion spectra of our model. Only the fields that mix with 
a are relevant to the the generation of flavon masses, as we will see below. It 
is straightforward to show that the scalar and fermion masses matrices are 
two-by-two block diagonal in the basis {^,a,x,f]^0^ where ^ = + ^_)/-\/2 
and ^' = (^+ — ^_)/-\/2. Since ^ is the only field that mixes with a, we focus 
on the (^, a) submatrices. In this basis, the mass squared matrices for the 
real and imaginary scalar components are given by 



Mi 



2h^ + 2g^ -2gy/2X^ 
-2gV2)^ AgX 



m 
1^ 



and 



2g'' -2gV2)^ 
-2g^ AgX 



m 



(3.16) 



(3.17) 



while the squared mass matrix for the fermionic components is 



2/1^ + 2^2 -2g^2\g 
-2g^ AgX 



m 



(3.18) 



Notice that and M| are identical, while differs in its (1, 1) component. 
As far as we are interested in the effects of supersymmetry breaking in the ^-a 
spectrum alone, we may evaluate the deviation of a given Feynman diagram 
about its supersymmetric limit by replacing the propagator for the imaginary 
components of ^ and a by the difference 



i{p' - Mt)-' - tip 



Mj) 



(3.19) 



The potential (|3.14| ), combined with a term aaFF, generates the super- 
symmetric mass of FN fields while avoiding supersymmetry breaking bilinear 
term. This is a consequence of the Z2 symmetry that we imposed at the start. 
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Figure 2: Two- loop Feynman diagrams that generate the negative squared 
flavon masses. The cross on the a propagator indicates the supersymmetry 
breaking effect given in ( p.l9| ). See text for more details. 



For simplicity, we assume that the FN fields F and ordinary matter fields / 
transform in the same way under this Z2. The couplings aFF and Fipf then 
imply that the flavons (p are necessarily odd under this Z2. 

Now we are in a position to show that supersymmetry breaking gener- 
ates a negative mass squared for the fiavon fields if. To communicate flavor 
symmetry breaking to the ordinary fields, we assume the superpotential cou- 
plings 

= pFipf + 7(^V' + Sip'V^ . (3.20) 

where /?, 7, and S are coupling constants. The fields ip' are even under the 
Z2, and hence do not have an F(f'f coupling. The interactions in Eq. ( p.l3| ) 
and Eq. ( p.20[) allow us to write down the two-loop diagrams presented in 
Figure 2. Only the diagrams that involve the imaginary part of a are shown. 
The cross on the a line indicates we are using the (2, 2) element of the differ- 
ence propagator in Eq. (|3.19|) . The details of this calculation are presented 
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in the Appendix. The result is 



where Nc is the number of colors, and we have assumed that all superpotential 
couplings are of order unity. This generates the vacuum expectation values 

i^)' - sW^)'-<^ • ^^r-^^^(-K), (3.22) 
if 5 > 27, or 

(V')' = ^(-^J), (^r = 0, (3.23) 

if (5 < 27. For the first choice of parameters, if' acquires a vev. We will see in 
Section 4.1 that this may be desirable in some cases to avoid model-dependent 
pseudo-Nambu-Goldstone bosons that are too light. With the second choice 
of parameters, if' does not acquire a vev, and remains vanishing. This 
choice will be useful when we need to suppress the flavor-dependent trilinear 
soft super symmetry breaking terms generated when 7^ 0; these will be 
discussed in Section pT7| . The exact pattern of ip' vevs and F-components is 
a highly model-dependent issue. Eqs. ( |3.22| ) and ( |3.23| ) allow us to leave our 
options open; it is quite likely that the relative size of 7 and S differs from 
one fiavon to the other. 

Eqs. ( p.22| , |3r23|) are the origin of the hierarchical pattern of flavor sym- 
metry breaking in our model. Notice that Eqs. (|3.21| , |3l22| , |3.23|) depend on 
the product of many different coupling constants, so that the precise ra- 
tio {(f) /m can vary significantly from one fiavon to the other, even when 
the individual couplings are not far from unity. Thus, it is possible that 
the flavons coupling to leptons may have vacuum expectation values that are 
systematically smaller than those coupling to quarks, as a consequence of the 
different renormalization group running of the corresponding superpotential 
couplings. This may partially alleviate the more severe flavor-changing prob- 
lem in the lepton sector. The typical parameter range we have in mind is 
~ (400 GeVy in the quark sector and ~ (100 GeV)^ in the lepton sec- 
tor; with the coupling constants 7, 6 varying between 1/3 to unity, we obtain 
{(f) ~ 0.4-1 TeV and {(f) ~ 100-300 GeV, respectively. 
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To properly implement the FN mechanism, we must also include the 
Yukawa couplings of the ordinary Higgs fields H 



Wh = (FHf + ^FFH + hJfH , (3.24) 

where ( and k, are coupling constants. The term proportional to ht follows 
from our assumption that the top quark Yukawa coupling is invariant under 
the fiavor symmetries of the theory. There are several ways in which we may 
extend the Z2 symmetry to the H, F, and / fields that are consistent with 
the interactions in ( |3.24| ). The simplest choice is: 

F F f ip if' H 

- + + - + + 

It is interesting to note that the form of our superpotential interactions may 
be guaranteed by other discrete symmetries. One rather nice possibility is a 
Z4 symmetry, where the fields have the charges: 

F F f ip ip' H 



In this case, the a vev breaks this Z4 down to a Z2 which is precisely the 
matter parity (or i?-parity) needed to forbid dangerous baryon- or lepton- 
number-violating interactions at the renormalizable level. 

We will proceed with our discussion assuming that the form of our super- 
potential interactions are restricted by the Z2 symmetry introduced earlier. 
All that remains is to specify the sector of the theory that is responsible 
for electroweak symmetry breaking (EWSB). This is considered in the next 
section. 

3.5 Electroweak Symmetry Breaking 

Perhaps the simplest solution for EWSB is achieved by assuming the cou- 
plings 

AWi = p^,ip'^ FF , (3.25) 

AW2 = W.H^H, - ^ip';^ . (3.26) 

The FN field F in AWi is neutral under standard model gauge interactions. 
The field ip'^ is even under the Z2 symmetry like the ip' fields introduced 
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earlier, though we assume that it has no couphngs to the other flavons Lp 
to simphfy the discussion. Then, Eq. ( |3.26| ) is the usual superpotential of 
the next-to-minimal supersymmetric standard model, except we assume that 
<y9'^ and H have nontrivial flavor transformation properties. This must be 
the case if we are to prevent couplings xHH or rjHH. The Higgs fields 
Hu and Hd acquire positive squared masses at the scale Aqm from gauge 
mediation diagrams, so that rnjjlAGM) ~ 350 GeV. The contribution to the 
Higgs masses from the flavor sector is negligible given our choice of scales, 
Aflav ~ AcAf/lO. If we had chosen them to be comparable, we would have 
had an additional negative contribution to the mjj- ~ — (3 TeV^)^ which is too 
large for correct electroweak symmetry breaking. As the Higgs masses are run 
to lower energies, m^^ becomes negative due to the effect of the top quark 
Yukawa coupling and the squark squared masses. However, the heaviness 
of the squarks in models with gauge-mediated SUSY breaking forces m^^ to 
become negative much more rapidly than it does in the MSSM, so that m|^^ ^ 
— (SOOGeV)^ at the weak scale. If (f'^ has no soft supersymmetry breaking 
mass, then the simple extension of the Higgs sector in Eq. ( p.26|) does not 
work phenomenologically: there are always scalar and pseudoscalar states 
that are light enough to be produced in Z decay. This problem led the authors 
of Refs. 0, ^ to consider much more complicated Higgs sectors. In our 
framework, the situation is somewhat better. The coupling of ip'^ to the flavor 
sector of the model through Eq. (p.25|) leads to a two-loop negative mass 



squared m^, ^ —(100 GeV)^, like the fiavon fields ip. The negative mass 
squared and the \Qip'^/3 term force both {ip'^) and {F^'^) = \e(p'^ to become 
non-vanishing, and hence generate /z and ml parameters. We studied the 
potential following from Eq. (|3.26|) numerically, and obtained local minima in 
which all the physical scalar and pseudoscalar states are sufficiently heavy.0 
However, this required a fine-tuning of the couplings A5 and Xq. Thus, the 
longstanding problem of generating the /i and ml parameters naturally in 
models with gauge-mediated supersymmetry breaking is not immediately 
resolved in our framework. We considered other EWSB superpotentials, 
e.g. those allowing (p'^ to have couplings to the other fiavons of the form 

Ma soft trilinear coupling Aip'^HuHd is generated at one loop, which pushes the lightest 
pseudoscalar mass above 10 GeV. This is sufficient to evade the bounds from astrophysics 
and cosmology, quarkonium decay, and beam dump experiments. 
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but our conclusions remain unchanged. Regardless of the details of 
the superpotential, we always found that a fine-tuning of parameters was 
necessary to compensate for the very large negative value of iri'jj^. 

Of course, it is possible that there is some explicit model of fiavor com- 
patible with our framework, that provides additional contributions to n, mj^ 
and mg. For example, in some model there may be FN fields with even mat- 
ter parity that mix with Higgs fields. Such a mixing induces a positive mass 
squared to the Higgs bosons. Or, there may be higher dimension operators 
of the form a{{(p) /MF)HuHd., which generates jjt, and m\ at the desired orders 
of magnitude. Since this is a model-dependent question, we will not pursue 
this issue further here. 

3.6 R Axions 

The absense of dimensionful parameters in the theory we have presented 
leads to an effective global i?-symmetry under which all fields transform with 
charge 2/3. Since our superpotential is partitioned into "sectors", which are 
relatively isolated from each other, one may worry that there are separate 
and potentially dangerous /?-axions associated with each. In this section, 
we show that all the model-independent i?-axions that arc present in our 
framework are phenomenologically harmless. There could be additional light 
scalar bosons that arise as a consequence of accidental global symmetries in 
specific fiavor models; we discuss how these may be avoided in Section 4.1. 

There are four approximate R symmetries in our framework, correspond- 
ing to each of the nearly decoupled sectors in which spontaneous symmetry 
breaking occurs: the supersymmetry breaking sector at the scale Is^ssb-i the 
gauge mediation sector at A^m, the flavor sector at Is^fiav, and the EWSB- 
FSB sector at a few hundred GeV. The fines in Fig. 1 that connect the 
different sectors explicitly break the independent U(1)r symmetries, leaving 
one unbroken linear combination acting on all the sectors. This corresponds 
to the non-anomalous i?-symmetry in the supersymmetry breaking sector, 
with all flelds in the other sectors transforming with charge 2/3. The re- 
maining three linear combinations are explicitly broken by the messenger 
U(l) gauge interactions, the indirect coupling between the a field and the 
flavons through loops of FN fields in the flavor sector, and the indirect cou- 
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pling between the Higgs fields and 5* through loops of the X field, in the 
gauge mediation sector. Once the U(l)/j is spontaneously broken in the su- 
persymmetry breaking sector, the low-energy effective theory beneath Kssb 
contains explicit 11(1)^ breaking parameters. Below we estimate the masses 
for the one true i?-axion and the three 'would-be' i?-axions separately. 

The only true i?-axion is the first linear combination described above. 
Since its decay constant is high, F ~ 10'' GeV, all direct search experiments 
are irrelevant. The only potential problem is its possible contribution to the 
cooling of red giant stars. However, we expect this R axion to obtain a mass 
of order 100 MeV via the same mechanism which cancels the cosmological 
constant p3|, and thus it is astrophysically harmless. The cosmological im- 
plications of this i?-axion are less clear. Since this issue is not specific to our 
framework, we will not consider it further. 

The would-be i?-axion in the gauge mediation sector obtains a mass of 
order 10 TeV in the following manner. Since global i?-symmetry is sponta- 
neously broken in the dynamical supersymmetry breaking sector, the mes- 
senger U(l) gaugino acquires a Majorana mass at the one-loop level. We 
explicitly checked this point in the case of the SU(6)xU(l) model. Then 
a trilinear coupling —Ah'C,'_^C,'_S' is generated at the two-loop order with 
A ~ As5B/(167r)^ ~ Agm/IIStt). This coupling exphcitly breaks the global 
i?-symmetry in the gauge mediation sector, and the i?-axion aquires a mass 
of order m\o ~ (^^'^+^-)/^g'm ~ (10 TeV)^ according to Dashen's formula. 
It is completely harmless given this large mass. 

Similarly, the would-be i?-axion in the flavor sector obtains a mass via 
the analogous trilinear coupling —Ah^j^^-X- While its mass is much smaller, 
~ 100 GeV, it is still heavy enough to avoid all existing phenomenological 
constraints. Recall x does not acquire a vev in the absence of the trilin- 
ear coupling, and hence (x) ~ A ~ A^a^/lGvr^ as discussed in Section 
Therefore the operator which explicitly breaks i?-symmetry is suppressed. 
Dashen's formula gives m^o ~ {AC,+C,-x) / ^flav ~ (100 GeV)^. 

Finally, there is a separate would-be R axion in the flavon superpotential 
that gains a mass of order 10 GeV as a consequence of the soft trilinear 
flavon interactions. Trilinear couplings of the form Aip'^ip' are generated at 
order A ~ 1 GeV through one-loop diagrams involving the FN fields and 
an insertion of their supersymmetry breaking bilinear mass term oc (Fa). 
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As long as (at least) one of y^' obtains a vev comparable to if, the i?-axion 
obtains a mass of order m\o ~ {Aip^ip') / {ip)"^ ~ (10 GeV)^. In Section 



we showed that the relative size of the two couplings 7 and 5 determines 
whether or not 99' acquires a vev. If {if') = at lowest order for all then 
{if') is induced only through trilinear couplings, and the i?-axion mass goes 
down to the 1 GeV level. In this case, the quarkonium decay T A^^ 
excludes the model. On the other hand, there are no constraints from flavor- 
changing processes like virtual — > because this i?-axion couples 
to the overall -R-charge 2/3 of each ordinary matter fields and its coupling is 
therefore flavor-blind. Note also that the coupling of A^ is axial and hence 
proportional to the fermion masses; this makes it impossible to find A^ as 
an s-channel resonance at e^e~ experiments. The beam dump experiments 
do not constrain axion-like fields above the GeV range. Known astrophysical 
sources do not produce particles above the GeV range either. Cosmology is 
also not likely to constrain such a particle because it decays relatively quickly 
as A^ —>■ bb with a width much larger than a keV. We are not aware of any 
experimental constraints which exclude the existence of a scalar boson in the 
10 GeV range which couples universally to all fermion axial currents. 



3.7 The Flavor Changing Problem 

Now that we have outlined the important features of our model, we return 
to the issue of flavor changing neutral currents, and how they constrain our 
choice of scales. In our framework, the ordinary squarks and sleptons receive 
four contributions to their squared masses: 

(«) A positive, flavor- blind contribution from gauge-mediation diagrams, 
of order A2;j^,^/(167r2)2. 

(m) a negative, flavor-symmetric contribution from two-loop diagrams 
like those in Figure 2, except with the (p and / lines interchanged, of or- 
der — A^^^/(167r2)2. The term "flavor-symmetric" refers to operators which 
respect the flavor symmetry of the model, without necessarily being flavor 
blind. This can be the case, for instance, if the flavor symmetry is Abelian. 

{iii) A positive, flavor-dependent contribution due to the supersymmetry 
breaking scalar masses of the FN fields. Note that the one-loop subdiagram in 
Figure 2 will give the scalar F and F fields supersymmetry breaking squared 
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masses, of order A^^^/(167r^). This alters the (1,1) and (2,2) entries of the 
scalar mass matrix in Eq. (|3.3| ), leading to a flavor-dependent shift in the 
lightest eigenvalue of order +K^p^^/ {lQn'^){{Lp) / MpY ■ 

(iv) A negative, flavor- dependent contribution as in (3. 7), due to the small 
nonvanishing F component of the field a. With (Fa) ~ (0)^/(167?^), this 
effect is of order -Al^J{167cY{{<f) /Mpf. 

The first contribution was estimated in Section [X^, assuming Aqm = 
(Fs) / {S) = 100 TeV. With Ajiav = 10 TeV, we may estimate the remaining 
contributions: 

(^^) -(100 GeVf 

(m) +(1000 GeV)2(((^)/M^)2 

(iv) -(100 GeV)2((^)/M^)2 

Notice that contribution (ii) is much smaller than contribution (i), given 
the choice Aqm = 10 A^^?)- Thus, the flavor-blind component of the squark 
and slepton masses is exactly what we would expect in the kind of scenario 
proposed by Dine and Nelson. If the flavor symmetry does not guarantee 
degeneracy of the squarks (or sleptons) of the flrst two generations, then 
the flavor-symmetric contributions (ii) can lead to flavor changing neutral 
current effects. In the quark sector, the constraints on K-K mixing are sat- 
isfied rather easily for 1 TeV squarks, so there is no restriction on the flavor 
structure of the model. However, the lightness of the sleptons makes the 
situation in the lepton sector more dangerous; the flavor-symmetric contri- 
butions (ii), may favor some flavor models over others. Note that in models 
with a non-Abelian flavor symmetry in which the flrst two generations trans- 
form as a doublet, there will be no constraint on the contribution {ii). The 
flavor-dependent contribution (Hi) dominates over [iv), since the latter is 
suppressed by the the smallness of (Fa) in the FN sector of our model. With 
Afiav = 10 TeV, (Hi) is marginally consistent with the bounds from flavor 
changing processes, assuming that the {ip)/Aflav are of order 10~^ in the 
quark sector, and a few xlO^^ in the lepton sector. Since (Hi) scales as A^^^^, 
we would not be able to construct a viable model had we chosen A^^i. to be 
much larger than 10 TeV. On the other hand, we will see in Section 4 that 
the exchange of the relatively light flavon fields are also marginally consistent 
with the bounds on FCNC processes, for A^^^ ^ 10 TeV. Thus, lowering A^^^ 
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significantly is also phenomenologically unacceptable. Our choice for A^^i; is 
a reasonable compromise, given the constraints on flavor changing processes 
detailed in Section 4. 

The constraints on the left-right mass matrices, on the other hand, are 
very weak in our framework. The left-right masses originate from the effective 
Yukawa couplings. 



when one field is set to its F component, while the remaining Lp fields and 
the Higgs field H are all set to their vevs. Thus, the left-right mass terms 
are of the order 



where ruf stands for the mass of a light quark or lepton. Therefore, the 
left-right mass terms are always proportional to the corresponding fermion 
masses, which is not necessarily true in the case of supergravity. In the 
quark sector, all squarks are at 1 TeV while the effective A-parameters are 
about 400 GeV or less. This is phenomenologically safe by itself. In the 
lepton secotr, equation |3.28| may lead to a large mixing between smuons and 
selectrons, and hence an unacceptably large ^ 67 decay rate. Fortunately, 
this can be avoided in a number of ways. For instance, if 5 < 27 (see 
discussions in Section |3^ ), ip' does not acquire a vev and hence vanishes 
identically. A trilinear coupling among flavons induce (9?') only at a higher 
order in l/lGvr^. In this case there is no further restriction on the flavor 
model. On the other hand, an alignment or non-Abelian flavor symmetry 
can suppress the off-digonal entry in the left-right mass matrix in the basis 
where fermion masses are diagonal. 

Finally, one may worry that operators involving the F-component of the 
a field may contribute to left-right mass mixing at a more dangerous level 
than the operators involving F^.The effective Yukawa operators of the form 



generate trilinear couplings in the following way. Since Mp = a{a), they 
should be written more correctly as 




(3.27) 




(3.28) 




(3.29) 




(3.30) 
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and an expansion of the chiral superfield a around its vev as a = a + O^Fa 
generates trilinear couplings 



Recall {Fa) /{a) ~ (a)/167r2 ~ 100 GeV. If the power n is different for dif- 
ferent generations, the left-right mass terms generated from this operator 
cannot be simultaneously diagonalized with the fermion masses. This is not 
a problem in the quark sector, but could be serious in the lepton sector. One 
way to avoid this problem is to have an alignment. Another way is to obtain 
the Yukawa couplings of the first two generations in any given Yukawa matrix 
from a set of operators in the high-energy theory that all involve the same 
powers of {ip)/Mp] then these contributions to will be diagonal in the 
fermion mass basis, and will no give additional constraints. 

4 Phenomenology of a low flavor scale 

In the previous section, we found that the flavor-blind, gauge-mediated con- 
tribution to the scalar masses dominates over any flavor-dependent split- 
tings induced by the mixing of the hght famihes with the FN fields. Thus, 
the super-GIM mechanism is effective and the usual supersymmetric flavor 
problem [i.e. the large FCNCs effects generated by the exchange of sfermions 
in loops) is greatly reduced. As a consequence, the usual constraints placed 
on the flavor structure of the model are significantly weakened in our frame- 
work. This is in sharp contrast to the case of gravity-mediated supersymme- 
try breaking, where the flavor symmetry must either guarantee a high degree 
of sfermion degeneracy or an alignment between fermion and sfermion mass 
matrices to avoid the SUSY flavor problem. 

However, with the FN scale at ~ 10 TcV and fiavon vevs and masses in the 
few hundred GeV range, we must consider new contributions to FCNCs orig- 
inating from the exchange of the physical states of the flavor sector. In this 
section, wc describe the phenomenological constraints that FCNC processes 
impose on theories with low flavor scales. Most of the new flavor-violating 
effects are decribed by four-fermion operators, with coefficients C/M^. In 
Table 1, we present bounds on the coefficients C assuming M = Mp = 10 




(3.31) 
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TeV, for a number of four-fermion operators that contribute to rare pro- 
cesses. We then estimate the coefficients C for the flavor-violating operators 
that may arise in our framework, and determine in what ways the bounds in 
Table 1 constrain the flavor structure of the model. 

There are four logical possibilities as flavor groups: combinations of local 
or global, and discrete or continous. In all cases, flavor-violating operators 
may be generated at two distinct scales: at ~ 10 TeV, where the FN fields 
F and F are integrated out, and at a few hundred GeV where the fiavon 
fields are integrated out. If there exist yet lighter degrees of freedom such 
as pseudo-Nambu-Goldston bosons, they may induce further fiavor-changing 
operators. We will discuss general constraints which apply to all cases first 
in the Section 4.1. By itself, this discussion will present all the constraints 
relevant to discrete fiavor symmetries, except those relating to a possible 
domain wall problem; we do not have anything to add on this point .[] On 
the other hand, a broken continous fiavor symmetry produces additional 
degrees of freedom (fiavor gauge bosons in the local case and "familons" in 
the global case) which induce new fiavor-changing phenomena. These two 
cases are discussed separately in Sections 4.2 and 4.3. Most of the constraints 
are new as far as we know, though some were briefiy discussed in [^]. 

4.1 General constraints from FCNC 

The existence of FN fields at 10 TeV scale and fiavons at a few 100 GeV scale 
can induce new fiavor-changing processes. The phenomenological constraints 
are identical for discrete or continous fiavor symmetries, except those induced 
by fiavor gauge bosons or familons. They will be discussed separately in the 
next subsections. We discuss constraints common to all possible fiavor groups 
in this subsection. 



*It may be worth recalling that a global discrete symmetry could be anomalous. Then 
the domain walls dissolve due to instanton effects and do not cause cosmological embarass- 
ments [ p4| . On the other hand, a global discrete symmetry is probably spoiled by quantum 
gravitational effects. Still, it could well arise as an accidental low-energy symmetry es- 
pecially when one considers a low flavor scale as in our framework. Non-renormalizable 
operators suppressed by f / Mpi may also solve the domain wall problem even if the discrete 
symmetry is anomaly free |H] 
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Table 1: Constraints on the four fermion operators -^O from various rare 
processes, with M = 10 TeV. A, B are color indicies. Other relevant op- 
erators can be obtained from the above by charge conjugation. This table 
then exhausts all possible four fermion operators contributing to these flavor 
changing processes. L and R are chiral projection operators for left-handed 
and right-handed fields, respectively. We have used {ms + rrid) = 160 MeV. 
The bounds on Arrii scale as (160 MeV)'^ / f'^Bi, where i — K, D, B and fi, Bi 
are the relevant decay and bag constants respectively. 

4.1.1 Flavor- violating operators induced at FN scale. 

The F(pf couphngs lead to diagrams with / fields on the external hues, and 
the FN and flavon fields in loops. Flavor-violating operators, like those hsted 
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7 

Figure 3: Feynman diagrams contributing to /i — 67. 

in Table 1, are induced in the low-energy theory when the FN and ip fields 
are integrated out. All superpotential couplings which we generically refer to 
as h are 0(1), so these operators are only suppressed by loop factors and the 
mass of the FN fields Mp ~ 10 TeV. In our numerical estimates below, we set 
all the Fiff Yukawa couplings to 1, and assume that the multiplicity of the 
particles running around internal loops is also 1. We consider fiavor violating 
processes in the lepton, quark and mixed lepton-quark sectors separately. 
• Lepton Sector 

fi —>■ 67: The amplitude for yU — > 67 comes from the diagrams of Fig. 3. 
Crucially, this amplitude, like all magnetic transitions, vanishes in the super- 
symmetric limit. For Mp = 10 TeV, we find 

- 67) ~ 10-V [/K^/M|) + /K^Ml) - )]' (4.1) 

where the m^^ j are the masses of the real and imaginary components of the 
scalar part of ip, m^^ is the mass of the fermionic part of ip, Mp is the mass 
of the FN fermion, Mg the mass of the FN scalar, and 

2 + 3a; — Qx^ -\- + Qx log(x 
I2{x-l 



Since ^ ~ 10 ^, the quantity in square brackets in Eq. ( ^!T1) is highly 
suppressed; we find that it is always numerically much smaller than ~ .001. 
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Figure 4: Superdiagrams contributing to — > eee. 



Thus, B{ijl ^ 67) < 10~^^, well beneath the current bound B{iJ, ^ 67) < 
5 X 10~^^. We conclude that the — > 67 operator is not dangerous, even if 
it is allowed in the flavor-symmetric limit. 

II ^ 3e: If allowed by the flavor symmetry, box diagrams with internal 
FN and flavon fields can generate four-fermion operators that contribute to 
// — > 3e. Even if these operators are forbidden in the flavor symmetric limit, 
they may be generated after we rotate a flavor-symmetric operator to the 
mass eigenstate basis. The diagram of Fig. 4a, (the flavor symmetric version 
of which necessarily exist) generates the interaction 



■{fiYLe){e-t^Le) 



Even if this operator is allowed in the flavor symmetric limit, the coefficient 
C ~ 3 X 10~^ is in borderline agreement with the constraint given in Table 1. 

The diagram of Fig. 4b, on the other hand, does not neccesarily exist. 
It can only be generated if there is a direct Yukawa coupling between the 
Higgs, FN and lepton fields of the first two generations. This box diagram 
diverges in the infrared, and is cut off by the mass m^. From this diagram 
we generate the operator 



{l-log{M/m^)){eLfj,){eRe) . 



(4.4) 
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Figure 5: Superdiagrams contributing to neutral meson mixing. 

With itl^/Mf ~ 10~^, the coefficient of this operator is C ~ 4x 10^^, which is 
bigger than the bound in Table 1 by a factor of ~ 7. This is not neccesarily 
a disaster, but it is certainly safer to forbid the diagram 4b in the flavor 
symmetric limit. If the above operator is generated through mixing with an 
angle ~ \fm^Jm^ ~ 0.1 it is no longer dangerous phenomenologically. 
• Quark Sector 

6 — > 57: The rate is completely negligible, for the same reasons given in 
our discussion of ^ ej. 

AniK- The diagram of Fig. 5a generates the interaction 



(4.5) 



327r2M2 

The coefficient C ~ 3 x 10~^ is ~ 75 times bigger than the bound in Table 1. 
Thus, this diagram must be forbidden in the flavor symmetric limit. With 
a mixing suppression of ~ A^, the coefficient is only 3 times bigger than the 
bound. However, it is easy to compensate for this factor by choosing all the 
Yukawa couphngs in the diagram to be 1/2 instead of 1. 

The diagram in Fig 5b only exists if there are flavons coupling to both 
left- and right-handed superflelds. If such couplings exist, we generate the 
operator 

:{d^LsB){d''LsA) , (4.6) 
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after appropriate Fierz transformations. The coefficient C ~ 6 x 10"'^ is 
~ 200 times bigger than the bound in Table 1, and we conclude that this 
diagram must be forbidden in the flavor symmetric limit. If we include a 
mixing supression ~ A^, the coefficient is still too large by a factor of 10. In 
this case, however, we can reduce the amplitude sufficiently by choosing all 
the Yukawa couplings in the diagram to be /i ~ 1/2 instead of 1. 

The diagram in Fig 5c is by far the most dangerous one we will encounter. 
It only exists if there is a direct Yukawa coupling between down or strange, 
FN and Higgs fields. As in the case of fi —>■ 3e, this box diagram is enhanced 
by an infrared divergence. We obtain the operator 

- \og{MF/m^))id^LsA)id^RsB) . (4.7) 

If we take m^/Mp ~ A^, the coefficient C ~ 2 x 10"^, is ~ 3000 times 
larger than the corresponding bound in Table 1; even with A^ suppression, 
it is still ~ 100 times too big. Notice that we cannot reduce the magnitude 
of this operator by choosing smaller couplings in the box diagram. The 
product of the two couplings on the left-hand side of the diagram with ^ 
gives us an element of a quark Yukawa matrix; thus, we can only reduce the 
couplings in the box diagram if we increase Note also that this diagram is 
particularly worrisome in a theory with large tan (3. Recall that the negative 
squared masses for the flavon fields were naturally of order ij^^^Mp, and 
thus fell in the range A^ — A'^. However, for large tan/3, the strange 
Yukawa coupling is itself of order A^ — A^, and we therefore require a direct 
coupling between the strange, Higgs and a FN field. This is precisely the 
situation that gives us the disastrous contribution to Am^ in Eq. ( [4.7|) . 

Finally, even when there is no direct Yukawa coupling between down or 
strange, Higgs and FN fields, we can have a two-loop contribution to K — K 
mixing as shown in Fig 5d. We generate exactly the same effective operator 
as in Eq. (|4.71), and we find for ~ \^Mp, a coefficient C ~ 3 x 10~^, 
which is 5 times bigger than the bound. This can easily be avoided either 
by choosing slightly smaller couplings in the diagram, or by forbidding the 
operator in the fiavor symmetric limit. 

It is important to point out that our conclusions remain unchanged if 
we include CP violating phases of 0{1) in the theory. In this case, the 
constraint from ex is ~ 10 times stronger than the one from ArriK that we 
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have presented here. However, we have aheady concluded from the FCNC 
considerations that the corresponding A^* = 2 operators must be forbidden 
in the flavor symmetry limit. In a model where this is the case, CP violation 
does not provide us with any additional generic constraints. 

Am^), Am^: The only significant constraint from either of these processes 
comes from the analogue of the dangerous diagram 5c above. We conclude 
that this diagram should be forbidden in the flavor symmetric limit; if it is 
induced through mixing from a flavor symmetric operator, then its effects 
are on the borderline from experimental constraints. 
• Mixed quark-lepton sector 

If some fiavons couple to both the quark and lepton sectors, they can give 
a significant contribution to Kl — > via box diagrams analogous to those 
in Figs. 5a-d. We have already learned that we must forbid direct couplings 
between the down/strange, Higgs and FN fields, so we do not consider the 
analogue of Fig. 5c: this diagram would give too large an amplitude for 
K fie, ee by a factor ~ 200 if it were generated in the flavor symmetric 
limit. All the remaining diagrams are on the borderline even if they are 
present in the flavor symmetric limit. 

4.1.2 Flavor violating operators induced at the flavor symmetry 
breaking scale. 

These operators arise from tree-level exchange of physical fiavons. Recall 
that we generate higher dimension operators of the form 



after integrating out the FN fields. Here the fi are ordinary fields of the first 
two generations. When the (p fields aquire vev's, the operator in ( [4.8|) gives 
us an element of the corresponding Yukawa coupling matrix. If we now set 
all but one of the flavon fields and the Higgs field to their vevs, we generate 
a Yukawa coupling between the light fermions and fiavons: 



We do not show an exact equality in Eq. (|4.9|) since, in general, the mass 
matrix element receives contributions from several different operators of 




(4.8) 




(4.9) 
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Process 


constraint 


/i ^ 3e 


e^e < 130 


ArriK 


Qds < .2 


ArriD 


Que < .3 


ArriB 


Qbd < .09 




e^, < .2 



Table 2: Constraints on Qij from exchange of physical flavons. The mass 
and vev of the flavons coupling to quarks alone are taken to be at 400 GeV, 
all others at 100 GeV. 

the form (|4.8| ), with different 0(1) coefficients. Of course, it may be the 
case that in specific models, the fiavon couplings will become flavor diagonal 
when we rotate to the fermion mass basis. Generically, however, this will 
not be the case, and we will obtain flavor- violating four-fermion operators 
when we integrate out the physical flavons at tree level. Let us write rriij = 
max(mj, mj)Bjj. Then, fixing the mass of the flavons coupling only to the 
quark sector at ~ x 10 TeV ~ 400 GeV and the mass of the flavons 
coupling to the leptons or leptons and quarks at ~ 100 GeV,[| we present the 
strongest constraints on the magnitudes of the Gjj in Table 2. In all cases, the 
Qij can be as large or larger than the corresponding CKM matrix element, 
and thus physical fiavon exchange does not give us significant constraints. 

4.1.3 Pseudo-Nambu-Goldstone bosons 

The above analysis assumes that all the physical flavons get masses of order 
the vev of the fiavon field. However, given many flavons and the restriction 
to renormalizable superpotentials, it is often the case that there are approxi- 
mate, accidental continuous symmetries of the tree-level potential, producing 
pseudo-Nambu-Goldstone bosons (PNGB) which pick up a mass only at loop 
level ~ {(f) /Air which may be as small as 10 GeV. These PNGBs can have 
flavor- violating couplings, and (especially for the PNGBs coupling to the first 
two generations) mediate disastrously large FCNC. Thus, a specific model 

^See Section |3.4| for these estimates. 
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must ensure that most of the PNGBs receive a mass directly at tree leveL 
This puts a constraint on the flavor symmetry and flavon particle content. 
The absence of accidental global symmetries must be checked in each explicit 
model of flavor. 

Even when there is no accidental global symmetry which results in PNGB 
with flavor-dependent coupling, there is always one model-independent PNGB 
Since the superpotential is purely trilinear, it neccessarily has a tree level R 
symmetry under which all fields have R charge 2/3 and the negative squared 
masses for the flavon fields do not break this R symmetry. We discussed this 
particular "model-independent i?-axion" in Section 3.6 and showed it does 
not have flavor-changing interaction and is phenomenologically harmless as 
long as it is heavier than 10 GeV. 

4.1.4 Summciry of General Constraints 

Let us summarize the major constraints that emerged from our analysis. We 
have found that the flavor symmetry must forbid all K-K mixing operators 
in the flavor symmetric limit. Furthermore, there can be no direct Yukawa 
couphng of the FfH type between down/strange, Higgs and FN fields; this 
in particular causes great difficulty for a scenario with large tan/3. Once 
these constraints are satisfied, CP violation does not put any further signif- 
icant constraints even with 0(1) phases. Notice that the constraints on the 
fiavor group we have found are quite different from the usual ones needed 
to guarantee sfermion degeneracy. For instance, an SU (2) fiavor symmetry 
with the first two generation fields in a doublet is sufficient to guarantee 
sfermion degeneracy in the fiavor symmetric limit; however the dangerous 
operator {e^^diRqk){e^^qkRdi) (with i,j,k,l fiavor SU{2) indices) gives large 
K-K mixing while being completely fiavor symmetric. Similarly, C/(l)'s (or 
discrete subgroups) can be used to forbid all K-K mixing operators in the 
fiavor symmetric limit but cannot in themselves guarantee sfermion degen- 
eracy. Also, a specific model must sufficiently break any accidental global 
symmetries which give rise to light PNGBs. These new constraints differ 
from the ones we usually encounter in supergravity scenarios, and suggest 
new avenues for fiavor model building. 
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4.2 Continuous, global flavor symmetries 

In addition to the constraints presented in the previous subsection, continu- 
ous flavor symmetries lead to other, often problematic, contributions to flavor 
changing processes. In the case of global flavor symmetries, we must contend 
with the Nambu-Goldstone bosons ("familons") that arise when the flavor 
group is spontaneously broken. If some NG bosons have flavor-violating 
couplings (which is certainly the case if the group has a non-Abelian compo- 
nent), FCNC constraints, from processes like K 7r+ familon and /i — > e+ 
familon, push the flavor symmetry breaking scale above ~ 10^^ GeV. How- 
ever, if the flavor group has only f/(l) factors, the familons may have purely 
diagonal couplings in the flavor basis. If the first two generation fields have 
different charges under some U{1) factor, the alignment between flavor and 
mass eigenstate bases must be very precise (~ 1 TeV/10^^ GeV = 10~^) to 
avoid FCNC constraints, which implies that a mechanism for perfect align- 
ment is required. For instance, we can imagine that all left handed fields in 
the theory have the same charge, whereas the right-handed fields have differ- 
ent charges. Since the only absolute requirement we have is for the existence 
of non-trivial rotations on the left handed fields to generate the CKM matrix, 
the flavor and mass bases may be exactly aligned for the right-handed fields. 
Then, the rotation in going to the mass eigenstate basis for the left-handed 
fields does not induce any off-diagonal familon coupling (since the left handed 
charges are generation blind), while there is no rotation on, and hence no off- 
diagonal familon coupling to the right handed fields. While this sort of idea 
is not excluded, it is clear that continuous global flavor groups are strongly 
constrained by the requirement of purely diagonal familon couplings. 



4.3 Continuous, local flavor symmetries 

In the case of a gauged flavor symmetry, a new contribution to flavor violating 
processes comes from the exchange of massive flavor gauge bosons at the 
~ 100 GeV scale. This source of FCNCs will place signiflcant restrictions on 
the form of the flavor group and symmetry breaking sector, as we will see 
below. In addition, when a gauged flavor symmetry is spontaneously broken, 
degeneracy between the flrst and second generation sfermions may be spoiled 
by flavor- dependent D terms in the scalar potential |2^. We consider both 



38 



issues below. 

• Flavor gauge boson exchange 

Let us examine the effects of gauge boson exchange in the down quark 
sector. Suppose that the left-handed Weyl spinor quarks Ql (grouped into a 
three-vector in generation space) transform under a representation T£ of the 
flavor group while the right-handed down quarks cLr transform under TJ^. In 
the flavor basis (denoted by primes), the flavor current is given by 

J\ = d'^l.Tld'^ + d'^%nj^ . (4.10) 

After integrating out the massive flavor gauge bosons, we generate the fol- 
lowing four-fermion operators: 

E W^J'^'Jl = E ^(^l^^r^L + d'n^nid'Rf (4.11) 

In the second expression we have rotated to the mass basis q — Ugq', d'^ — 
Udcd'^, and the T"' are the flavor group generators in the mass basis, T"' = 
UT°'U^ . Suppose that the pattern of flavor symmetry breaking is such that 
the Ma are different from each other. If the flavor group is Abelian and there 
is precise alignment between flavor and mass eigenstates, all the operators 
above are flavor diagonal. However, if there is no alignment, the Ma must be 
pushed above ~ 1000 TeV to avoid FCNC constraints (in particular, from 
Am/f). Thus, for an Abehan flavor symmetry broken below the TeV scale, 
the alignment between mass and flavor bases must be precise better than 
O(lTeV/1000TeV) = 10"^ For non-Abehan flavor groups, a given T"' will 
have off-diagonal flavor-violating elements. When the Ma are all different, 
there is no hope that summing over a will yield a flavor conserving result, 
once again forcing the Ma to above 1000 TeV. Thus, if the flavor group is non- 
Abelian and broken at the TeV scale, some mechanism must guarantee that 
the flavor gauge bosons (especially coupling to the first two generations) have 
identical mass at least at tree level. For this to happen it seems neccessary 
to have some accidental "custodial" symmetry analogous to the one which 
forces p = 1 at tree level in the standard model. We have not succeeded 
in finding a model of fiavor which simultaneously guarantees sufficient fiavor 
gauge boson degeneracy and produces the Cabibbo angle, but this remains 
an interesting direction to explore. 
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D term splitting 

In Ref . , it was shown that flavor D terms can split the first two genera- 



tion sfermion masses by an amount independent of the flavor gauge couplings, 
if flavor symmetry breaking occurs in the supersymmetric limit. In this case, 
the splittings cannot be made small by reducing the flavor gauge coupling. 
This is also the case in supergravity scenarios that generate {(p)/Mp along 
flat directions after supersymmetry is broken. In our framework, however, 
the situation is different. The flavor sector potential has a stable minimum 
as the flavor gauge coupling is taken to zero. Thus, the flavor D terms can 
be made arbitarily small. 

As an example, consider an SU (2) theory with a doublet flavon (fa and a 
triplet field T,"-^, with superpotential W = Xipafb^'^'' ■ Suppose that only the 
doublets talk to the FN fields and hence get a negative mass squared at two 
loops. The crucial point is that, even if the gauge coupling is put to zero, 
the potential has a stable minimum; in the g ^ limit the superpotential 
part of the potential is minimized by putting S"'' = 0, and we have 

V =\XWip^ipy -m^if^ip (4.12) 

and without loss of generality we can choose (ip) = ("^^j^^; 0). For sufficiently 
small g, the D term contribution is a small perturbation to the above po- 
tential. In particular, the vev of the flavon D term is ~ m^, and so the 
induced D term splitting between first two generation sfermions is ~ g'^m?. 
Now, for squark masses of ~ 1 TeV, K-K mixing constrains 6c '^^2 < -01. 
Thus, for m ~ 500 GeV we must have g"^ < 1/5, making this gauge coupling 
moderately larger than e. Given that many fields transform under this flavor 
SU{2), it could be that the SU{2) coupling is non-asymptotically free, in 
which small value for the coupling could be naturally explained. 

In the lepton sector, it is difficult to ensure that the D terms don't spoil 
slepton degeneracy without running into trouble with a very light flavor 
gauge boson coupling to leptons. The reason is that the D terms splitting 
has the form 6m~ ~ g'^ip'^T'^ip ~ where M is the mass of the flavor 
gauge boson. On the other hand, for mixing in the slepton masses of mj 
~ 100 GeV and slepton mixing of ~ \[^' constraint from — > 67 
demands that 5rn~/m~ < .01, putting the flavor gauge boson at a mass less 
than about 30 GeV. Thus, in order to have gauged flavor symmetries in the 
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lepton sector, we must have some mechanism either to cancel the unwanted 
D term sphtting between selectron and smuon masses or to guarantee the 
absense of the slepton mixing in the first two generations. 



5 Conclusions 

Understanding the origins of supersymmetry breaking (SSB) and flavor sym- 
metry breaking (FSB) are two of the greatest challenges for theories with 
weak-scale supersymmetry. Much of the structure of the theory is dictated 
by the mechanisms and scales for these symmetry breakings. In particular, 
the degree to which the soft supersymmetry breaking operators contain in- 
formation about flavor depends on the relative size of the flavor scale, Mp, 
and the messenger scale for supersymmetry breaking Mmess- In supergrav- 
ity theories with Mp < Mmess ~ Mpi, the interactions of the flavor scale 
leave an imprint on the soft operators; while in theories of gauge-mediated 
supersymmetry breaking, with Mmess < Mp, they do not. 

In this paper we have studied a framework in which Mmess and Mp are 
comparable because they have a common origin - the scale of dynamical 
supersymmetry breaking, Assb- This scheme allows a unified view of FSB 
and EWSB - indeed the FSB vevs (if) are comparable to the EWSB vevs (H) . 
This unification is illustrated in Figure 1, which shows the Froggatt-Nielsen 
sector as being the flavor analogue of the gauge mediation messenger sector. 
Indeed these sectors bear more than just a passing resemblance: both contain 
heavy vector generations of matter. Fundamentally, they are distinguished 
only by whether these heavy vector generations have large supersymmetry 
breaking contributions to their masses. We have given explicit models for 
the messenger sector, + (3.9), and for the Froggatt-Nielsen sector ( ^.1U| ) 
-|- ( p.l2| ). These models are both variants of a basic model which has two 



phases, with the vacuum choice dependent on the values of the dimensionless 
couplings. The sectors are chosen to be in opposite phases, so that the 
heavy vector generations feel supersymmetry breaking strongly in the gauge 
mediation sector but only mildly in the flavor sector. These models, while 
certainly not unique, illustrate our scheme and explicitly show how the flavon 
fields acquire negative squared masses triggering FSB, in a way which is 
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analogous but not identical to the triggering of EWSB. 

The interactions which feed supersymmetry breaking to the superpart- 
ners are phenomenologically very important. Supergravity mediation has 
been the most studied case, and mediation by the known gauge interactions 
is the only other case that has received significant attention. Our scheme does 
have mediation via the known gauge interactions, but in additonal there is 
mediation via the superpotential interactions of the Froggatt-Nielsen sector. 
This provides a new origin for contributions to the soft operators; in partic- 
ular it provides the dominant contribution to the soft trilinear A terms, and 
important flavor dependent contributions to the scalar mass matrices. 

We beheve that the unified scheme for FSB and EWSB introduced in 
this paper, and summarized in Figure 1, provides significant motivation for 
studying a new class of models for flavor. This new class of models, although 
based on the old ideas of Froggatt and Nielsen, are substantially different 
from the theories which have been constructed up to now. This is partly 
because the messenger sector provides a dominant, flavor- independent, con- 
tribution to the squark and slepton masses, and partly because flavon vevs 
of order the weak scale introduce several new flavor-changing constraints. 

The construction of any Froggatt-Nielsen model requires a choice for the 
flavor group, G/, and for the Gf transformations of the flavons </?, the heavy 
vector generations F and the light generations /. The class of models which 
is consistent with the framework of this paper has these choices severely 
restricted by the following six constraints: 

1) Gf is prefered to be discrete - a continuous global Gf gives unaccept- 
able familons, while a continuous gauged Gf has additional flavor dependent 
scalar mass contributions from terms. 

2) The size of the fiavon vevs is given by {ip)/Mp ^ l/lGvr^ ^ X^oiX^', 
where A = 0.22. This hierarchy is determined by the order in perturbation 
theory at which the fiavon vevs are generated, and the requirement that all 
dimensionless couplings be of order unity. The top quark Yukawa interaction 
must be allowed. 

3) Sufficient trilinear fiavon interactions must be Gj allowed so that there 
are no accidental U(l) flavor groups which are spontaneously broken. Since 
there must be several different fiavon fields, this is a very powerful constraint 
on the theory. 



42 



4) Box diagrams involving internal heavy vector generations and flavons 
must not generate — Ks mixing in the Gf symmetric limit. For example, 
this means that the 12 or 21 entries of the down Yukawa matrix may not 
be generated at linear order in ip/Mp- This excludes the case of very large 
tan P where the h Yukawa coupling is of order unity, since in that case these 
entries are expected to be linear in (p in order to generate the Cabibbo angle. 
The only way to avoid this conclusion is if the Cabibbo angle is generated 
from the up sector, in which case D — D mixing is predicted at the level of 
the present experimental limit. 

5) Prom the previous point it follows that the h and r Yukawa couplings 
should arise at linear order in (/?. This means that tan (5 is expected to be low, 
less than about 3. The mixing Vcb should arise at order (/? in the up sector, or 

in the down sector. Entries of the hght 2x2 block of the Yukawa matrices 
should be at most of order c/?^. 

6) To prevent dangerous non-universal A terms, all non-zero entries of 
the light 2x2 block of the down and lepton Yukawa matrices must be of 
order </?^. 

Each of the above constraints is very significant, and none of them ap- 
phes to Proggatt-Nielsen models with a high flavor scale and supergravity 
mediated supersymmetry breaking. Furthermore, these constraints are com- 
pletely independent of the particular models chosen to give masses to the 
heavy vector generations in the gauge mediation and Froggatt-Nielsen sec- 
tors; there may be additional mo del- dependent constraints. For example, the 
explicit flavor sector of Section 3 which led to masses for the heavy vector 
generations of the Froggatt-Nielsen sector was based on a Z2 symmetry. The 
flavons separated into two categories: if which have Fipf type couplings and 
ip' , which do not. The trilinear interactions necessary to prevent accidental 
flavor f/(l)s then take the form ip'^ + v^V^- Finally there may be further 
constraints which arise from the mechanism used to generate effective and 
m| terms. In Section 3.5 this was accomplished by an interaction of the 
form ip^HuHfii implying that at least one of the Higgs flelds must transform 
non-trivially under the flavor group. 
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A Two-Loop Integrals 



In this appendix, we evaluate the diagrams in Figure 2 using the difference 
of propagators given in ( ^.191 ): 

-1 



P 



2g' -2gV2X^ \ rr^ 
-2g^ Ag\ ) 



P 



2{g^ + h^) -2gy^\m^ 



(A.l) 



-2g^ Ag\ 

Since these diagrams only involve modification of the a propagator, we need 
the (2, 2) component of the expression above: 

—i{lQ\g'^m^) 



p'2[h^p2 _ 2gm^{g + 2A)][/iV - 2m'^{g^ + + 2g\)p^ + 8gXm^] 
The sum of the diagrams in Figure 2 then gives us 
d^p -t{8a^(3^g^Xm^) 

(27r)4 [/iV _ 2gm^{g + 2A)][/iV - 2m'^{g^ + h'^ + 2g\)p^ + SgXm^ 
dH P + 



(A.2) 



^ J (27r)4 P{P - M2)2[(p - /)2 _ M2] ^^'^^ 

where M = a{a) is the Froggatt-Nielsen mass scale. Note that diagrams 
(B), (C) and (D) in Figure 2 are individually ultraviolet divergent, but their 
sum is finite. The d^l integral in Eq. (|A.3|) can be done analytically by 
conventional methods. To evaluate the remaining p integral, we first go to 
Euclidean space, and do the trivial angular integration. What remains is a 
one-dimensional integral in the Euclidean radial coordinate pe'- 



(167r 



2^2 



iWa'p'g'Xm') [ dpEP%F{pl/ M^)D,{pl)D,{pl) 



(A.4) 
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F(x) 




100 



Figure 6: The function F{x). 



where 



Diipl) 



and 



D2{pI) 



Fix) 



M^[h^pl + 2gm^{g + 2X)] 
1 



h'^p% + 2711? {g"^ 



-4 - 2x 



tanh 



+ 2gX)p\ + 8^Am4 
' x + l 



4 + X 



+ 



X 



■ln(l + x) 



(A.5) 
(A.6) 

(A.7) 



/x(4 + a;) 

The function plotted in Figure 6, is positive definite. We have chosen 

g and A to be real and positive without loss of generality, by making suit- 
able field phase rotations. Therefore the entire integrand of Eq. ( [A.4|) is also 
positive definite. If we use a different phase convention, the vevs and mass 
spectrum change accordingly but the final sign of the mass squared remains 
the same. We conclude that the mass squared generated in the flavon po- 
tential is negative. The dpE integral can be evaluated numerically, and the 
results are consistent with the order of magnitude estimate given in the text. 

We have shown that the two-loop diagrams in Figure 2 generate finite 
negative definite squared masses for the fiavons. One also obtains appar- 
ently ultraviolet-divergent contributions at third or higher loop orders in 
perturbation theory. However, the ultraviolet divergence is cutoff at I^ssb 
because the supersymmetry is restored above this scale, and one needs to take 
into account that the supersymmetry breaking mass parameter rr? vanishes 
above h^ssB into account. Therefore higher order divergent contributions are 
suppressed compared to the two-loop finite ones by a factor of 



167r2 



In^ 



0.09. 



(A.8) 
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and hence can be neglected. 
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